Changing nutritional conditions challenge microbes and shape their evolutionary 1 7 optimization. Here we investigated the role of glycogen in dynamic physiological adaptation 1 8
To elucidate the complete dynamics of the metabolic response to glycogen degradation and 1 3 1 synthesis, we designed a more controlled real-time metabolomics experiment. Specifically, 1 3 2 we fed glucose to a culture that was starved for 30 min at a constant rate of 8 mmol glucose/g 1 3 3 dry weight/h for 5 min, then we turned off the feed pump, and we measured metabolism for 1 3 4
an additional 80 min. The feedrate of 8 mmol/g/h was chosen to be well below the maximum 1 3 5 uptake rate of E. coli (Monk et al., 2016; Sekar et al., 2018) , meaning that glucose will not 1 3 6 abundantly accumulate in the medium. Consistent with this design, the ion corresponding to 1 3 7 glucose depleted within 1-2 min after the feed ceased ( Figure S2 ). We observed a sudden drop contrast to the glpP mutant, several metabolites within or near the TCA cycle exhibited a 1 4 1 secondary response in the wild-type. After initial depletion, isocitrate, in particular, 1 4 2 immediately arises again within 5 min to a level near that of the glucose fed state. This 1 4 3 "bounce" effect was also observed prominently in glutamine, glutamate, malate, and 1 4 4 aspartate, as indicated by the green arrows. That the bounce effect was observed primarily in 1 4 5 metabolites within or near the TCA cycle (Figure 3 , Figure S3 ) suggests that glycogen is used 1 4 6 to fuel respiration right after the onset of starvation. Overall, we posit that glucose starvation initiates glycogen utilization, both during gradual 1 4 9 1 7 1 starvation period, however, the glycogen mutant exhibited a roughly doubled lag time (~220 1 7 2 min versus ~110 min) with respect to the wild-type. To test whether this reliance on glycogen 1 7 3 was also required during less abrupt transitions, we performed a modified lag time 1 7 4 experiment, where acetate was added either 60 min before or 60 min after glucose was 1 7 5 depleted from the initial medium ( Figure 4C ). Consistent with the previous experiment, we 1 7 6 8 found comparable lag times between the glycogen mutant and wild type without starvation. However, after a period of starvation, the lag time of the glycogen mutant was again 1 7 8 significantly prolonged with respect to the wild-type. Presumably, the wild-type has a shorter 1 7 9 lag time after starvation because they either initiate the adaptation already before depletion of 1 8 0 the primary carbon source or scavenge previously excreted carbon sources such as acetate Likely, these cells are deprived of alternative carbon and/or energy sources when 1 8 5 experiencing a change in carbon source. The transition from planktonic to sessile (biofilm) lifestyles represent another adaptation that 1 8 8 requires substantial restructuring of cellular physiology. Biofilm formation is characterized by 1 8 9 three phases: attachment, maturation, and dispersal (Weiss, Obied, Kalkman, Lammertink, & 1 9 0 van Leeuwen, 2016). We focused on the attachment phase, which is characterized by the 1 9 1 decrease of planktonic cells. A common method for estimating the concentration of 1 9 2 planktonic bacteria relies on measuring the OD 600 . When stationary phase E. coli was cultured 1 9 3 without shaking, the number of planktonic cells decreased by 89% within 18 hours ( Figure   1 9 4 4D). The glgP and glgA mutants, in contrast, remained largely planktonic even after 18 hours 1 9 5 (26% and 36% decrease, respectively). Therefore, wild-type cells have either an increased 1 9 6 attachment rate or an increased mortality rate in comparison to the glycogen mutant. The 1 9 7 latter is unlikely as our previous experiments have indicated metabolic, viable activity for 1 9 8 cells well into starvation. Biofilm formation is induced by nutrient starvation and inhibited by 1 9 9 glucose addition (Thomason, Fontaine, De Lay, & Storz, 2012; Zhao et al., 2017) . We 2 0 0 9 therefore reason that glycogen facilitates the attachment phase of biofilm formation under 2 0 1 starvation conditions, here by providing resources for matrix protein or flagella production. Given the importance of glycogen during physiological transitions, we sought to establish the 2 0 5 growth advantage conferred by glycogen utilization under controlled, dynamically changing 2 0 6 conditions. By coupling microfluidics and time-lapse imaging, we monitored the volumetric pulse (Nguyen, Fernandez, et al., 2019; Sekar et al., 2018) . In these environments, we growth through image analysis. In fluctuating environments, cells capable of consuming glycogen had an apparent growth 2 1 7 advantage over those that could not. From time-lapse images, YFP-labeled wild-type cells 2 1 8 visibly increased in cell mass and often divided, while the CFP-labeled glgP mutant hardly 2 1 9 grew in size ( Figure 5B ). We then quantified single-cell growth rate as the rate at which cell 2 2 0 volume exponentially doubles, as assessed from image frames captured 3 min apart. In 2 2 1 fluctuating environments, these quantifications yielded maximum specific growth rates of 2 2 2 0.28 ± 0.04 h -1 and 0.13 ± 0.03 h -1 for wild-type and mutant strains, respectively, whereas in 2 2 3 steady environments, the maximum specific growth rates of the two strains were 2 2 4 indistinguishable ( Figure 5C ). To summarize, the ability to utilize glycogen enhances growth 2 2 5 1 0 in fluctuating environments, thereby substantiating a key role for glycogen as an immediately 2 2 6 available resource across changing environments. Glycogen utilization enable improved nutrient uptake capability 2 2 9
So far, we have established that glycogen utilization confers a growth advantage in dynamic which cellular functions are supplied by the freed carbon from liquidated glycogen beyond 2 3 2 biofilm faculties. Nevertheless, we hypothesized that the at least some of the freed carbon 2 3 3 would lead to better uptake ability, a paramount survival attribute in scant environments. To 2 3 4 measure the cellular ability for nutrient uptake, we used real-time metabolomics to monitor 2 3 5 glucose uptake while switching the cells between starvation and pulses of glucose (Sekar et   2  3  6 al., 2018). As in the antecedent study, we observed rapid assimilation of glucose, as indicated 2 3 7 by the detected levels of the ion corresponding to glucose ( Figure 6A ). Each pulse showed an 2 3 8 instantaneous increase of glucose concentration followed by depletion caused by bacterial uptake rate equates to the V max of the fit ( Figure 6B ), revealed a much lower maximum 2 4 1 capacity for glucose uptake in the glgP mutant compared to the wild-type ( Figure 6C ). To test whether the difference in uptake capacity stemmed primarily from the carbon release 2 4 4 in glycogen, we simulated the carbon release by providing a short dose of carbon by feeding 2 4 5 glucose at 8 mmol/g/h for 5 min ( Figure 6A ), after the first set of limiting glucose pulses. Consistent with our hypothesis, the glucose uptake capacity remained high for the wild-type 2 4 7 but improved significantly for the glgP mutant. Thus, the uptake capability does appear to 2 4 8 Glucose media and culture preparation was followed as described in a previous study (Sekar Luria-Bertani (LB) broth (10 g/L NaCl, 10 g/L bacto-tryptone, and 5 g/L yeast extract) in the KH 2 PO 4 , 1.5 g (NH 4 ) 2 SO 4 , 0.5 g NaCl. The following components were sterilized separately Real-metabolomics profiling of cells with depleting glucose 3 2 6
Cells were grown to mid-log phase where the optical density (OD) at 600 nm was measured 3 2 7 to 0.8. At this point, 32.5 mL of the cells were collected on filter paper using fast filtration To calculate the lag time of the glucose to acetate switch, cells were grown over night in M9 medium with glucose as carbon source at 37°C. The next day, cells were freshly inoculated in media. For the transfer, the collected cells were rapidly filtered, rinsed, and inoculated to 500 For the depletion experiment, wild-type cells were grown in M9 media and glucose until OD 3 5 7 0.5-0.8. Cells were rapidly transferred into M9 media without carbon source to initiate 3 5 8 starvation. Samples were taken before starvation and 10 min, 30 min and 50 min after starvation. For sampling, 1 mL were taken from the culture and kept on ice. To process the 3 6 0 samples, they were centrifuged in a cooled centrifuge at maximum speed for 5 minutes. After 3 6 1 centrifugation, 100 µl of BPER were added and the samples were gently shaken for 10 3 6 2 minutes. The samples were again centrifuged for 5 minutes at maximum speed in a cooled further processing. For the assay, 25 µl of the supernatant were hydrolyzed and processed as 3 6 5 described in the MAK016 assay kit instructions for colorimetric assays (Sigma-Aldrich). For the replenishment experiment, wild-type cells were grown in M9 media and glucose until 3 6 8 OD 0.5-0.8. After a starvation period of 30 min in M9 without carbon source, fructose 3 6 9 (200g/L) and thiamine-HCl were added (alternative carbon source to avoid convolution with 3 7 0 the assay). The samples were taken before the addition of fructose and 2 min, 5 min and 30 3 7 1 min after the addition and processed as described above. The glycogen content was measured 3 7 2 with a fluorometric method as described in the MAK016 assay kit instructions (Sigma- The custom method of delivering controlled fluctuating nutrient environments is described in 3 7 7 previous work (Nguyen, Fernandez, et al., 2019) . In brief, microfluidic channels with a depth Corning) device was bonded to a glass slide by plasma treating each interacting surface for at 3 8 0 least 1 min, and the assembled chip then incubated for at least 2 h at 80°C. The morning of Bacterial growth within the microfluidic channels was imaged using phase contract 3 9 8 microscopy with a Nikon Eclipse Ti microscope, equipped with an Andor Zyla sCMOS hexose, hexose phosphate, aspartate, and (iso)citrate for two strains, WT (wild-type, green) 4 2 3 and a glgP mutant (purple). Dots indicate ion intensity measurement normalized to initial OD. for metabolites malate, fumarate, succinate, glutamate, glutamine, (iso)citrate, and asparatate. phase. Wild-type, glgP, and glgA mutant cells were grown until stationary phase.
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Afterwards, cells were cultivated without shaking to initiate biofilm formation. Cell images from three channels: phase (grayscale), YFP (yellow) and CFP (cyan). Scale Table S2 . All plasmids used in this study. glucose supply. The glucose was supplied with a pump at a rate of 8 mmol/g/h for two strains, where glucose was supplied. Solid lines are a moving average filter of the measured ion 5 2 7
intensity. glucose supply. The glucose was supplied with a pump at a rate of 8 mmol/g/h for two strains, WT (wild-type, green) and a glgP mutant (purple). After 5 min of glucose application, the 5 3 5
glucose feed was ceased. Throughout the feed, real-time metabolomics measurement was 5 3 6 performed, and data is shown for ions corresponding to metabolites (aminobutanoic acid, 
